We study the UV luminosity functions (LFs) at z ∼ 4, 5, 6, and 7 based on the deep largearea optical images taken by the Hyper Suprime-Cam (HSC) Subaru strategic program (SSP). On the 100 deg 2 sky of the HSC SSP data available to date, we make enormous samples consisting of a total of 579,565 dropout candidates at z ∼ 4 − 7 by the standard color selection technique, 358 out of which are spectroscopically confirmed by our follow-up spectroscopy and other studies. We obtain UV LFs at z ∼ 4 − 7 that span a very wide UV luminosity range of ∼ 0.002 -100 L * UV (−26 < M UV < −14 mag) by combining LFs from our program and the ultra-deep Hubble Space Telescope legacy surveys. We derive three parameters of the best-fit Schechter function, φ * , M * UV , and α, of the UV LFs in the magnitude range where the AGN contribution is negligible, and find that α and φ * decrease from z ∼ 4 to 7 with no significant evolution of M * UV . Because our HSC SSP data bridge the LFs of galaxies and AGNs with great statistical accuracy, we carefully investigate the bright end of the galaxy UV LFs that are estimated by the subtraction of the AGN contribution either aided with spectroscopy or the best-fit AGN UV LFs. We find that the bright end of the galaxy UV LFs cannot be explained by the Schechter function fits at > 2σ significance, and require either double power-law functions or modified Schechter functions that consider a magnification bias due to gravitational lensing.
Introduction
One of the important observables to study the formation and evolution of galaxies is the galaxy luminosity function (LF), which is the measure of the number of galaxies per unit volume as a function of luminosity. The form of the LF in the restframe UV is of significant interest, since it is closely related to ongoing star formation and contains key information about the physical processes that shape galaxies.
Great progress has been made in determining the faint end of the UV LFs (see the recent review of Stark 2016) . Analyses of sources in deep blank fields including the Hubble Ultra Deep field (HUDF) have resulted in identifying z ∼ 4−10 galaxy candidates down to ∼ −17 mag Schenker et al. 2013; McLure et al. 2013; Bouwens et al. 2015; Finkelstein et al. 2015) . Recently, it becomes possible to probe even fainter sources with the Hubble Frontier Fields (HFF) project, which takes advantage of the gravitational lens magnification effects of galaxy clusters Atek et al. 2015; Kawamata et al. 2016; Castellano et al. 2016; McLeod et al. 2016; Livermore et al. 2017; Ishigaki et al. 2017) . They have investigated the shape of the UV LF down to ∼ −14 mag, at around which many cosmological hydrodynamic simulations of galaxy formation predict a flattening (e.g., Muñoz & Loeb 2011; Krumholz & Dekel 2012; Kuhlen et al. 2013; Jaacks et al. 2013; Wise et al. 2014; O'Shea et al. 2015; Liu et al. 2016; Gnedin 2016; Ocvirk et al. 2016; Finlator et al. 2017) , although it has been pointed out that the analyses for the lensing fields would be significantly affected by systematic errors such as the one from the assumed size distribution of faint galaxies (Bouwens et al. 2017a ) and the constructed magnification maps (Bouwens et al. 2017b ).
Together with studying the faint end of the UV LFs, it is important to investigate their bright-end shapes. Previous studies have shown that the UV LF of low-z galaxies has an exponential cutoff (e.g., Loveday et al. 2012; Kelvin et al. 2014) , which is thought to be caused by several different mechanisms such as heating from an active galactic nucleus (AGN; Binney 2004; Scannapieco & Oh 2004; Granato et al. 2004; Croton et al. 2006; Bower et al. 2006) , inefficiency of gas cooling in highmass dark matter haloes (e.g., Binney 1977; Rees & Ostriker 1977; Silk 1977; Benson et al. 2003) , and dust attenuation, which becomes substantial for the most luminous galaxies (e.g., Wang & Heckman 1996; Adelberger & Steidel 2000; Martin et al. 2005) . However, at very high redshifts where typical dark matter halo masses are small, these processes may be ineffective yet (e.g., Bouwens et al. 2008) . Interestingly, recent studies by Bowler et al. (2015) and Bowler et al. (2017) using a 1.7 deg 2 imaging survey have claimed an overabundance of galaxies at the bright end of the z ≥ 6 LF over the best-fit Schechter function. It may indicate different astrophysical conditions in high-z and low-z galaxies. Another possible explanation for the overabundance at the bright end is contribution of light from AGNs. At a lower redshift of z ∼ 3, around the peak of the quasar number density, there is evidence that the UV LF at the absolute UV magnitude MUV < ∼ −24 mag has a significant contribution from faint quasars (Bian et al. 2013) . Gravitational lensing magnification bias also needs to be considered (Wyithe et al. 2011; Takahashi et al. 2011; Mason et al. 2015; Barone-Nugent et al. 2015) . It is also possible that merger systems are blended at ground-based resolution and appear as bright extended objects (Bowler et al. 2017) . Due to the small number densities of these luminous galaxies, previous studies lack information on the most luminous z > ∼ 4 galaxies with MUV < ∼ −23 mag (e.g., Ouchi et al. 2004; Shimasaku et al. 2005; Sawicki & Thompson 2006; Yoshida et al. 2006; Iwata et al. 2007; McLure et al. 2009; Ouchi et al. 2009; Castellano et al. 2010; van der Burg et al. 2010; Willott et al. 2013; Bowler et al. 2015; Bowler et al. 2017; Stefanon et al. 2017) . To study a possible deviation from the commonly used Schechter functional form, it is necessary to construct a sample of rare luminous high-z galaxies down to very low space densities based on wider multi-wavelength deep imaging surveys. In addition, spectroscopic redshifts for a subsample are vital to estimate the contaminant fraction for LF calculation.
In this study, we present results from our systematic search for very luminous galaxies at z ∼ 4 − 7 based on wide and deep optical Hyper Suprime-Cam (HSC; Miyazaki et al. 2012 ; see also Miyazaki et al. 2017; Komiyama et al. 2017; Furusawa et al. 2017; Kawanomoto et al. 2017 ) images obtained by the Subaru Strategic Program (HSC SSP; Aihara et al. 2017b) . With a large field of view of about 1.8 deg 2 and excellent sensitivity, HSC is one of the best ground-based instruments for searching for intrinsically luminous but apparently faint rare sources such as luminous high-z galaxies. The HSC SSP survey was awarded 300 nights of Subaru observing time over 5 years from 2014. The survey consists of three layers: Wide (W), Deep (D), and UltraDeep (UD). The W layer will cover 1400 deg 2 with five broadband filters of g, r, i, z, and y down to 5σ limits of about 26 mag (24 − 25 mag) in gri (zy). The D (UD) layers will cover 27 (3.5) deg 2 with the five broadband filters down to 5σ limits of about 27 (28) mag in gri and 25−26 (26 − 27) mag in zy. The D (UD) layers will also be observed with three narrowband filters of NB387 (NB101), NB816, and NB921. Public versions of the reduced HSC SSP images and source catalogs are available to the community on the HSC SSP website. 1 This wide-field deep survey will enable us to cover an unprecedentedly large cosmic volume at z > ∼ 4 and to identify a large number of very rare bright sources that reside at the bright end of the UV LF, which has been poorly explored by previous high-z galaxy studies. The present paper is one in a series of papers from twin continuing programs devoted to scientific results on high-z galaxies based on the HSC SSP survey data products. One program is Great Optically Luminous Dropout Research Using Subaru HSC (GOLDRUSH). This program provides precise determinations of the the very bright end of the galaxy UV LFs at z ∼ 4 − 7, which are presented in this paper, robust clustering measurements of luminous galaxy candidates at z ∼ 4 − 6 , and construction of a sizable sample of z ∼ 4 galaxy protocluster candidates (Toshikawa et al. 2017) . The other program is Systematic Identification of LAEs for Visible Exploration and Reionization Research Using Subaru HSC (SILVERRUSH; Ouchi et al. 2017; Shibuya et al. 2017a; Shibuya et al. 2017b; Konno et al. 2017; R. Higuchi et al. in preparation) . Data products from these programs such as catalogs of dropouts and LAEs will be provided on our project webpage at http://cos.icrr.u-tokyo.ac.jp/rush.html. This paper is organized as follows. In the next section, we describe our HSC SSP data and spectroscopic follow-up observations. The sample selection and analyses for measuring UV LF are described in Section 3. We show the results of our UV LF measurements and discuss the shapes of the UV LFs in Section 4. A summary is presented in Section 5. Throughout this paper, we use magnitudes in the AB system (Oke & Gunn 1983 ) and assume a flat universe with Ωm = 0.3, ΩΛ = 0.7, and H0 = 70 km s −1 Mpc −1 .
Data

Imaging Data
In this study, we use early data products of the HSC SSP that are obtained in 2014 (Aihara et al. 2017a ). Specifically, we use the internal data release of S16A, where additional data taken in 2016 January -April have been merged with the version of Public Data Release 1. The HSC images were reduced with version 4.0.2 of the HSC pipeline, hscPipe , which uses codes from the Large Synoptic Survey Telescope (LSST) software pipeline (Ivezic et al. 2008; Axelrod et al. 2010; Jurić et al. 2015) . The HSC pipeline performs CCD-by-CCD reduction, calibration for astrometry, and photometric zero point determination. The pipeline then conducts mosaic-stacking that combines reduced CCD images into a large stacked image, and creates source catalogs by detecting and measuring sources on the stacked images. The HSC astrometry and photometry are calibrated with the Pan-STARRS (Tonry et al. 2012; Schlafly et al. 2012; Magnier et al. 2013) . Full details of the HSC observations, data reduction, and object detection and photometric catalog creation are provided in Aihara et al. (2017a) . In this study, we estimate total magnitudes and colors of sources by using the cmodel magnitude, which is a weighted combination of exponential and de Vaucouleurs fits to the light profile of each object (Abazajian et al. 2004; Bosch et al. 2017) . The source colors are measured through forced photometry. We correct all the magnitudes for Galactic extinction by using the dust map of Schlegel et al. (1998) .
The current HSC SSP survey data cover 6 distinct areas on the sky in the W layer, 4 areas in the D layer, and 2 areas in the UD layer. To obtain uniform data sets, we mask regions which are affected by bright source halos (Coupon et al. 2017) . We also mask regions where exposure times are relatively short by using the hscPipe parameter countinputs Nc, which denotes the number of exposures at a source position for a given filter. For the W-layer data, regions where Nc ≥ (3, 3, 5, 5, 5) for (g, r, i, z, y) are used. For the D-layer data, regions where Nc ≥ (3, 3, 5, 5, 5) for (g, r, i, z, y) are used. For the UD-COSMOS data, regions where Nc ≥ (17, 16, 27, 47, 62) for (g, r, i, z, y) are used. For the UD-SXDS data, regions where Nc ≥ (13, 13, 27, 42, 38) for (g, r, i, z, y) are used. After the masks are applied, the total effective area is about 100 deg 2 .
Thanks to the large volumes that we probe, the influence of cosmic variance on the shape of the estimated LF is expected to be small (Trenti & Stiavelli 2008) . Table 1 summarizes the effective areas and the 5σ limiting magnitudes of our data.
First, we select isolated or cleanly deblended sources from the detected source catalog available on the database (Takata et al. 2017) that is provided by the HSC SSP survey team. We then require that none of the pixels in their footprint are interpolated, none of the central 3 × 3 pixels are saturated, none of the central 3 × 3 pixels are affected by cosmic rays, and there are no bad pixels in their footprint. We also require that there are no problems in measuring cmodel fluxes in gri images for g-dropouts, in riz images for r-dropouts, in izy images for idropouts, and in zy images for z-dropouts. In addition, we remove sources if there are any problems in measuring their centroid positions in ri images for g-dropouts, in iz images for r-dropouts, in zy images for i-dropouts, and in y images for z-dropouts. The selection criteria for our source catalog construction are listed in Table 2 .
Spectroscopic Data
We carried out spectroscopic follow-up observations for sources in our catalogs with the Faint Object Camera and Spectrograph (FOCAS; Kashikawa et al. 2002) on the Subaru Telescope on 2015 September 7 (S15B-188S, PI: Y. Ono), December 2, 4 (S15B-059, PI: S. Yuma), and 12 (S16A-211S, PI: Y. Ono), and with the Low Dispersion Survey Spectrograph 3 (LDSS3) on the Magellan II Clay telescope in 2015 November (PI: M. Rauch). Our sources were filler targets in the FOCAS observations of S15B-059 and the LDSS observations. In the FOCAS observations, we used the 300 line mm −1 grism and the VPH900 grism with the SO58 order-cut filter. The spectroscopic observations were made in the long slit mode or multiobject slit mode. Slit widths were 0. ′′ 8. The integration times were 2,000-6,000 sec. Flux calibration was carried out with spectra of the spectroscopic standard stars G191B2B, Feige 34, and GD153. In the LDSS3 observations, the VPH RED grism and the OG590 filter were used. The spectroscopic observations were made in the long slit mode. Slit widths were 1. ′′ 0. The integration times were 3,600-5,400 sec. Flux calibration was carried out with spectra of the spectroscopic standard star LTT 9239. Note that we have also been awarded observing time with the Gemini Multi-Object Spectrographs (GMOS; Hook et al. 2004 ) on the Gemini South telescope (PI: M. Sawicki), but at the time of writing this paper, no useful data had yet been ob- Table 3 . Number of Sources in our z ∼ 4, z ∼ 5, z ∼ 6, and z ∼ 7 Galaxy Candidate Samples. December 18-20, 2009 October 11-13, 2010 February 8-9, July 9-10, and 2011 January 3-4. In these observations, main targets were high-z Lyα emitter (LAE) candidates found in the deep Subaru Suprime-Cam narrowband images obtained in the SXDS (Ouchi et al. 2008; Ouchi et al. 2010 ) and COSMOS fields (Murayama et al. 2007; Shioya et al. 2009 ), and highz dropout galaxy candidates selected from the deep broadband images in these two fields (Furusawa et al. 2008; Capak et al. 2007) were also observed as mask fillers. The data are reduced with the Carnegie Observatories System for MultiObject Spectroscopy (COSMOS) pipeline.
2 Details of the IMACS observations and data reduction will be presented elsewhere.
Sample Selection
Source Selection
From the source catalogs created in Section 2.1, we construct z ∼ 4 − 7 dropout candidate catalogs based on the Lyman break color selection technique (e.g., Steidel et al. 1996; Giavalisco 2002) , i.e., by selecting sources which show clear Lyman break and blue UV continuum in their optical grizy broadband spectral energy distributions (SEDs). As demonstrated in Figure 1 , Fig. 1 . Transmissions of the five HSC broadband filters used in this study (purple: g, blue: r, green: i, orange: z, and red: y) together with four spectra of star-forming galaxies at z = 3.5, 4.7, 6.0, and 6.5 from the Bruzual & Charlot (2003) library (black lines).
z ∼ 4, z ∼ 5, z ∼ 6, and z ∼ 7 galaxy candidates can be selected based on their gri, riz, izy, and zy colors, respectively. First, we select sources with signal-to-noise ratio (S/N) > 5 within 1.
′′ 5 diameter apertures in i for g-dropouts, in z for rdropouts and i-dropouts, and in y for z-dropouts. In addition, we require a 4.0σ detection in y for i-dropouts. We then select dropout galaxy candidates by using their broadband SED colors. Following the previous work that have used a similar filter set (Hildebrandt et al. 2009 ), we adopt
for g-dropouts, and
for r-dropouts. For i-dropouts, we apply the following criteria,
For z-dropouts, we use
To remove low-z source contaminations, we also require that sources be undetected (< 2σ) within 1. ′′ 5 diameter apertures in g-band data for r-dropouts, in g-and r-band data for i-dropouts, and in g, r, and i-band data for z-dropouts. Since our z-dropout candidates are detected only in y-band images, we carefully check the single epoch observation images of the selected candidates to remove spurious sources and moving objects. Since this single epoch screening makes it difficult to find relatively faint z-dropouts in the UD layer, we focus on the D-and W-layer data in our z-dropout search. A detailed analysis for z-dropouts in the UD layer by using the latest available multiwavelength data sets, which is beyond the scope of this paper, will be presented in a forthcoming publication (Y. Harikane et al. in preparation) . Using the selection criteria described above, we select 540,011 g-dropouts, 38,944 r-dropouts, 537 i-dropouts, and 73 z-dropouts. Table 3 summarizes our dropout galaxy candidate samples. The differences in the numbers of the selected candidates mainly come from the differences in the survey areas and depths.
In our samples, five sources are identified through our spectroscopic follow-up observations with FOCAS (Section 2.2). We find the five LBG candidates, HSC J090704+002624, HSC J100332+024552, HSC J084818+004509, HSC J084021+010311, and HSC J021930-050915, are real high-z galaxies at z ≃ 5.96, z = 5.957, z ≃ 5.80, z ≃ 5.61, and z = 4.580. The first four galaxies are included in our i-dropout sample, and the last one is in our r-dropout sample. The first and the last three galaxies were selected for our follow-up targets because they are relatively bright among sources in our samples that could be targeted during our observing runs and had not been spectroscopically observed. The second galaxy was a mask filler source that was randomly chosen from our i-dropout candidates within the field-of-view of FOCAS centered on a primary target, a bright LAE. Figures 2 and 3 show the one-dimensional and two-dimensional spectra of the five identified galaxies. For HSC J100332+024552 and HSC J021930-050915, we detect an emission line that shows an asymmetric profile with a steeply rising edge at the shorter wavelength of the peak and a slowly decaying red tail, which are characteristic features of Lyα at high redshift Shimasaku et al. 2006) . In each figure, the top panel shows the two-dimensional spectrum (black is positive) and the bottom panel shows the one-dimensional spectrum. In the top panel, our dropout galaxy is located at the center in the spatial direction. The size along the spatial axis is 12.
′′ 7 for (a)-(c) and 16.
In the spectrum of (b), the Lyα emission line is marked with a red arrow. In the bottom panel, the object spectrum is shown with black histogram. All the spectra are smoothed by 8-9 pixels (11-12Å). For the sources without Lyα in emission, we also plot the averaged spectra over about 300Å bins with red filled circles and mark the wavelength of the Lyα transition with red vertical solid lines. The horizontal dotted line corresponds to zero flux density. The sky spectrum with an arbitrary normalization is plotted in blue (offset from zero). The dotted, dashed, and dot-dashed lines are typical spectra of elliptical, Sbc, and irregular galaxies (Coleman et al. 1980 ) redshifted from z = 0 to z = 2. The filled and open stars indicate Galactic stars taken from Gunn & Stryker (1983) and L /T dwarfs from Knapp et al. (2004) . Middle: r − i vs. i − z two color diagram. The red circles are the spectroscopically identified galaxies in our r-dropout sample. The redshift range of the black filled circles are from z = 4.2 to z = 5.5. The redshift ranges of the dotted, dashed, and dot-dashed lines are from z = 0 to z = 3. The other symbols are the same as in the left panel. Right: i − z vs. z − y two color diagram. The red circles are the spectroscopically identified galaxies in our i-dropout sample. The redshift range of the black filled circles are from z = 5.4 to z = 6.5. The other symbols are the same as in the middle panel.
determined based on the Lyα emission line. For the other three sources, their Lyα break feature and low-S/N absorption line features in their continua are used for their redshift determinations, although their uncertainties are relatively large. Since we have taken only two exposures for HSC J084818+004509 due to a technical problem in our observations, the reduced spectrum is severely affected by cosmic rays. This source has also been observed with LDSS3. However, the number excludes the possibilities that the detected line is a strong emission line at lower z, i. of exposures with LDSS3 is also only two and it is difficult to remove cosmic rays in its reduced spectrum, although the Lyα break feature in its continuum is confirmed. Note that HSC J084818+004509 has been reported as a z = 5.78 galaxy by the Subaru high-z exploration of low-luminosity quasars (SHELLQs) survey (Matsuoka et al. 2016) , whose redshift determination result is broadly consistent with our result. Although these five sources are likely to be high-z galaxies because of these observational results, it should be noted that it is difficult to completely rule out the possibilities that they are foreground sources such as Galactic brown dwarfs based on these low-S/N spectra. The nature of these sources will be checked by future follow-up observations.
In addition, we incorporate the results of our spectroscopic observations for high-z galaxies with Magellan/IMACS (Section 2.2). We also check the spectroscopic catalogs shown in other studies (Saito et al. 2008; Ouchi et al. 2008; Willott et al. 2010a; Curtis-Lake et al. 2012; Masters et al. 2012; Mallery et al. 2012; Willott et al. 2013; Le Fèvre et al. 2013; Kashikawa et al. 2015; Kriek et al. 2015 4 ; Wang et al. 2016; Toshikawa et al. 2016; Momcheva et al. 2016; Matsuoka et al. 2016; Pâris et al. 2017; Tasca et al. 2017; Yang et al. 2017; Masters et al. 2017; Matsuoka et al. 2017; Shibuya et al. 2017b ; R. Higuchi et al. in preparation; see also Bañados et al. 2016 whose redshifts are > 70 − 75% correct, i.e., sources with redshift reliability flags of 2, 3, 4, 9, 12, 13, 14, and 19. Here we focus on sources with spectroscopic redshifts zspec > 3 in these catalogs. Our contamination estimates with sources at zspec < 3 are presented in the next section.
In total, 358 dropouts in our sample have been spectroscopically identified by our observations and the other studies. Among these identified sources, 270 sources are found to be galaxies at zspec > 3, and the other 88 sources are AGNs. These sources are listed in Table 4 . Figure 4 shows the distributions of the spectroscopically identified galaxies at zspec > 3 in our dropout samples in the two-color diagrams. We also plot sources in the UD-COSMOS field with spectroscopic redshifts of zspec < 3 that are measured by the VVDS. In addition, the tracks of model spectra of young star-forming galaxies that are produced with the stellar population synthesis code GALAXEV (Bruzual & Charlot 2003) are shown. As model parameters a Salpeter initial mass function (Salpeter 1955) , an age of 70 Myr after the initial star formation, and metallicity of Z/Z⊙ = 0.2 are adopted. We use the Calzetti et al. (2000) dust extinction formula with reddening of E(B − V ) = 0.16. The IGM absorption is considered following the prescription of Madau (1995) . The colors of the spectroscopically identified galaxies are broadly consistent with those expected from the model spectra.
Contamination
Some foreground objects such as red galaxies at intermediate redshifts can satisfy our color criteria by photometric errors, although intrinsically they do not enter the color selection window. To estimate the numbers of such contaminants in our dropout samples, we use shallower HSC data of COSMOS that are created with a subset of the real HSC data for the UD-COSMOS field. We use two shallower data sets whose depths are comparable with those in the W layer and D layer. We assume that the UD-COSMOS data are sufficiently deep and the contamination rates in our dropout selections for the UD-COSMOS are small. First, we select objects which do not satisfy our selection criteria from the UD-COSMOS catalog. We then regard them as foreground interlopers in the W-layer-depth and D-layer-depth COSMOS samples if they satisfy our selection criteria for the W-layer and D-layer dropouts, respectively, and calculate their number counts. Based on comparisons between the surface number densities of interlopers and those of the selected dropouts, we estimate the fractions of foreground interlopers, which are shown in Figure 5 and Table 5 . The fractions of foreground interlopers at magnitude fainter than 24.0 mag are estimated to be less than about 10% for the D-layer samples and less than about 30 − 40% for the W-layer samples. At the brighter magnitude bins, our dropout samples in the wide Fig. 6 . Selection completeness estimates for our z ∼ 4, z ∼ 5, z ∼ 6, and z ∼ 7 samples The black curves correspond to the results of our Monte Carlo calculations averaged over the W, D, and UD layers described in Section 3.3. The average redshifts of these samples are roughly 3.8, 4.9, 5.9, and 6.9. The blue, green, and magenta histograms are the redshift distributions of the spectroscopically identified galaxies in g-, r-, and i-dropout samples, respectively. and deep layers are more contaminated by the foreground interlopers. Note that similar results have been obtained by Reddy et al. (2008) . We subtract the number counts of foreground interlopers from the number counts of our dropouts and consider both of the uncertainties in Section 4.1. For a sanity check, we derive the interloper fraction in the W-layer samples by using the spec-z catalog of VVDS, which covers a small portion of our W-layer fields. Although the number of objects which are included in both our samples and the VVDS catalog is small, the interloper fraction for the z ∼ 4 W-layer sample is estimated to be about 40%, which is consistent with the results estimated from the shallower HSC data.
For the z ∼ 6 − 7 dropout samples, we cannot estimate the surface number densities of interlopers by adopting this method, since the number densities of such sources in the shallower depth COSMOS field data are too low. Instead, we make use of the spectroscopic observation results taken by our study as well as in the literature. Based on the spectroscopic redshift catalog created in Section 3.1, 31 sources in our z ∼ 6 dropout sample are spectroscopically identified in our follow-up observations and in the other studies and all the sources are at z > 5.5. Although it is unclear whether the other candidates are real high-z sources or foreground interlopers, we assume that the contamination fraction of interlopers is negligibly small based on the limited spectroscopy results. For z ∼ 7 dropout sample, none of our candidates have been followed up with spectroscopy. We will carry out follow-up spectroscopy for our zdropout candidates in the near future.
It should be noted that our sample is contaminated not only by low-z interlopers but also by high-z AGNs. We take into account the AGN contamination in our samples in Section 4.
Selection Completeness
We estimate the selection completeness of our dropout galaxies by running a suite of Monte Carlo simulations with an input mock catalog of high-z galaxies. In the mock catalog, the size distribution of galaxies follows recent results of galaxy log-normal size distributions and size-luminosity relations as a function of redshift based on Hubble legacy data sets (Shibuya et al. 2015 ; see also Oesch et al. 2010; Mosleh et al. 2012; Ono et al. 2013; Kawamata et al. 2015; CurtisLake et al. 2016; Ribeiro et al. 2016) . The Sersic index n is fixed at n = 1.5, which is also suggested from the results of Shibuya et al. (2015) . A uniform distribution of the intrinsic ellipticities in the range of 0.0-0.8 is assumed, since the observational results of z ∼ 3 − 5 dropout galaxies have roughly uniform distributions (Ravindranath et al. 2006) . Position angles are randomly chosen. To produce galaxy SEDs, we use the stellar population synthesis model of GALAXEV (Bruzual & Charlot 2003) . We adopt the Salpeter initial mass function (Salpeter 1955 ) with lower and upper mass cutoffs of 0.1M⊙ and 100M⊙, a constant rate of star formation, age of 25 Myr, metallicity of Z/Z⊙ = 0.2, and Calzetti et al. (2000) dust extinction ranging from E(B − V ) = 0.0-0.4 so that we can cover from very blue continua with β ≃ −3.0 to moderately red ones with β ≃ −1.0. The IGM absorption is taken into account by using the prescription of Madau (1995) .
Different simulations are carried out for the W, D, and UD layers by using the SynPipe software (Huang et al. 2017; Murata et al. 2017) , which utilizes GalSim v1.4 (Rowe et al. 2015) and the HSC pipeline. We insert large numbers of artificial sources into HSC images of individual CCDs at the single exposure level. Next we stack the single exposure images and create source catalogs in the same manner as the real ones. We then select high-z galaxy candidates with the same selection criteria and calculate the selection completeness as a function of magnitude and redshift, C(m, z), averaged over UV slope β weighted with the β distribution of Bouwens et al. (2014) . For the β distribution of very bright sources at MUV < ∼ −22 mag where Bouwens et al. (2014) do not probe, we extrapolate their results for fainter magnitudes. Figure 6 shows the results of our selection completeness estimates as a function of redshift. The average redshift values are roughly z ∼ 3.8 for g-dropouts, z ∼ 4.9 for r-dropouts, z ∼ 5.9 for i-dropouts, and z ∼ 6.9 for z-dropouts. In Figure 6 , we also show the redshift distributions of the spectroscopically identified galaxies in our samples (Section 3.1). The redshift distributions of the spectroscopically identified galaxies are broadly consistent with the results of our selection completeness simulations, although the distributions of the spectroscopically identified galaxies in the g-and r-dropout samples appear to be shifted toward slightly higher redshift. This is probably because the spectroscopically identified galaxies are biased to ones with strong Lyα emission. In particular, the redshift distribution of the spectroscopically identified r-dropouts has a secondary peak at around z = 5.7, which is caused by z = 5.7 Lyα emitters found by Subaru Suprime-Cam and HSC narrowband surveys in the literature.
Results and Discussion
The UV Luminosity Functions
We derive the rest-frame UV luminosity functions of z ∼ 4 − 7 galaxies by applying the effective volume method (Steidel et al. 1999) . Based on the results of the selection completeness simulations, we estimate the effective survey volume per unit area as a function of apparent magnitude,
where C(m, z) is the selection completeness estimated in Section 3.3, i.e., the probability that a galaxy with apparent magnitude m at redshift z is detected and satisfies the selection criteria, and dV (z)/dz is the differential comoving volume as a function of redshift (e.g., Hogg 1999) . The space number densities of dropouts that are corrected for incompleteness and contamination effects are obtained by calculating
where nraw(m) is the surface number density of selected dropouts in an apparent magnitude bin of m, and ncon(m) is the surface number density of interlopers in the magnitude bin estimated in Section 3.2. To calculate the surface number densities, we use the effective area values summarized in Table 1 . The 1σ uncertainties are calculated by taking account of Poisson confidence limits (Gehrels 1986) on the numbers of the sources. To calculate the 1σ uncertainties of the space number densities of dropouts, we consider the uncertainties of the surface number densities of selected dropouts and those of interlopers. We restrict our analysis for the z ∼ 4 − 5 D-and W-layer samples to the magnitude ranges where the contamination rate estimates are available. Note that the z ∼ 4 UD-layer sample includes several very bright candidates with magnitude brighter than 22.0 mag. However, three of them have been spectroscopically observed and all of the three are at zspec < 1 (Lilly et al. 2009 ), while many fainter sources have been identified at zspec > 3 as checked in Section 3.1. Although the number of observed very bright sources is small, we do not use dropout candidates with magnitude brighter than 22.0 mag in the z ∼ 4 UD-layer sample. We convert the number densities of dropouts as a function of apparent magnitude, ψ(m), into the UV LFs, Φ[MUV(m)], i.e., the number densities of dropouts as a function of rest-frame UV absolute magnitude. We calculate the absolute UV magnitudes of dropouts from their apparent magnitudes using their average redshiftsz:
where dL is the luminosity distance in units of parsecs and (mUV − m) is the K-correction term between the magnitude at rest-frame UV and the magnitude in the bandpass that we use. We set the K-correction term to be 0 by assuming that dropout galaxies have flat UV continua, i.e., constant fν in the rest-frame UV (e.g., Figure For the apparent magnitude m, we use i-band magnitudes for g-dropouts, z-band magnitudes for r-and i-dropouts, and y-band magnitudes for zdropouts. The central wavelength of the i-band corresponds to ∼ 1600Å in the rest-frame of g-dropouts, and that of the z-band is ∼ 1300−1500Å in the rest-frame of r-and i-dropouts, on average. Note that the y-band probes slightly shorter wavelength in the rest-frame of z-dropouts, about 1230Å. The top panel of Figure 7 shows our derived LF for dropouts at z ∼ 4 and those taken from the previous galaxy work of Bouwens et al. (2015) and Finkelstein et al. (2015) , which are based on the Hubble legacy survey data, and that of van der Burg et al. (2010) , which is based on the CFHT deep legacy survey data. The previous studies have derived their UV LF estimates in the UV magnitude range of MUV > −23 mag. Our results are broadly consistent with the previous results in this magnitude range. However, at MUV < −23 mag, where no previous high-z galaxy studies have probed, our results appear to have a hump and follow a shallower slope than the extrapolation of the exponential cutoff from the fainter bins. Figure 7 also shows our LF results for the z ∼ 5 dropout sample and the results of the previous galaxy studies. We find that the situation is similar to that for the z ∼ 4 dropout sample. In Figure 8 , we present the results of our LF estimates for the z ∼ 6 − 7 dropout samples. For z ∼ 6, we also plot the previous results taken from Bouwens et al. (2015) , Finkelstein et al. (2015) , and Bowler et al. (2015) . For z ∼ 7, the previous estimates by McLure et al. (2013) , Schenker et al. (2013) , Bouwens et al. (2015) , Finkelstein et al. (2015) , Bowler et al. (2017) , and Ishigaki et al. (2017) are shown for comparison. These previous work has presented their estimates in the magnitude range of MUV > −22.5 (−23.0) mag at z ∼ 6 (z ∼ 7). Our results are in good agreement with the previous results in these magnitude ranges. However, at the brighter magnitude ranges, our LF results seem to have a hump compared to the simple extrapolation of the exponentially declining shape. Note that the effect of the Eddington bias (Eddington 1913) , which can cause an apparent increase of the number of bright sources due to photometric scatter from sources in fainter bins, should be small at these bright-end hump features. This is because their magnitude ranges are much brighter than the limiting magnitudes of the samples.
To investigate the bright-end hump features, we plot the UV LFs of AGNs taken from the literature in Figure 7 . We find that the bright-end hump features in our LF results for dropouts are broadly consistent with the UV LFs of AGNs obtained by Glikman et al. (2011) . Our LF results are also consistent with those of Akiyama et al. (2017) at the very bright end of MUV ∼ −25 mag, but our results are larger at MUV ∼ −23 mag than their results as well as those of Niida et al. (2016) . This is probably because they focus on z ∼ 4 quasars with stellar morphology while the selection of ours and Glikman et al. (2011) can also identify galaxies with faint AGNs whose morphology is extended (see also Akiyama et al. (2017) ). In Figure 7 , we also compare our bright-end LF results with those of AGNs at z ∼ 5 obtained by Ikeda et al. (2012) , McGreer et al. (2013) , and Niida et al. (2016) . Although the uncertainties of our estimates are large, our results are in agreement with these AGN results.
In addition, Figure 8 shows that our bright-end LF results for dropouts are broadly consistent with those of AGNs at z ∼ 6 taken from Willott et al. (2010b) , Kashikawa et al. (2015) , and Jiang et al. (2016) .
In our dropout selection, we probe redshifted Lyα break features of high-z galaxies. However, high-z AGNs also have similar Lyα break features. It is thus expected that our dropout sample is contaminated by AGNs (e.g., for i-dropout selection, see Figure 1 of Matsuoka et al. 2016 ). Actually, as described in Section 3.1, our dropout samples include spectroscopically confirmed AGNs. Based on our spectroscopy results as well as those in the literature, we derive the galaxy fraction of spectroscopically confirmed dropouts, i.e., the number of spectroscopically confirmed high-z galaxies divided by the sum of the numbers of spectroscopically confirmed high-z galaxies and AGNs, in our z ∼ 4 − 6 samples in each magnitude bin (Figures 7 and  8 ). As shown in Figure 7 , the z ∼ 4 galaxy fraction is smaller than 20% at MUV < −23 mag, but it increases with increasing magnitude and it reaches about 100% at MUV > −22 mag. Similarly, in Figure 8 , the galaxy fraction for the z ∼ 6 sample is less (more) than 50% at MUV < −23 mag (MUV > −23 mag). These results suggest that our bright-end LF estimates are significantly contaminated by AGNs. The very wide area of the HSC SSP allows us to bridge the UV LFs of high-z galaxies and AGNs, both of which can be selected with redshifted Lyα break features. Note that we also show the results of the faint end of the AGN UV LFs (Giallongo et al. 2015; Parsa et al. 2017) in the magnitude range of MUV > ∼ −22 mag in Figures 7 and 8. We find that our results are much larger than their results, which also suggests that the AGN contamination is not significant in this faint magnitude range.
Because it is not easy to distinguish galaxies from AGNs in our dropout samples solely based on the ground-based optical imaging data, we first investigate the shape of the UV LFs of dropouts by focusing on the magnitude range where the galaxy fraction is large. Figure 9 shows the UV LFs of dropouts at z ∼ 4 − 7 based on our Subaru HSC results, previous Hubble results (Bouwens et al. 2015; Ishigaki et al. 2017) , and other groundbased telescope results (Bowler et al. 2017 ). The combination of our results with the previous work reveals the shapes of the UV LFs for high-z dropout sources in a very wide magnitude range of −26 < ∼ MUV < ∼ −14 mag for the first time. Our wide area survey reveals that the UV LFs of dropouts have bright end humps that are related to the significant contribution of light from AGNs. To characterize the UV LFs of dropout galaxies, we focus on the LF estimates at MUV > −23 mag, where the galaxy fraction is significantly large. We fit a Schechter function (Schechter 1976) to the data points,
where φ * is the overall normalization, L * is the characteristic luminosity, and α is the faint-end slope. We define a Schechter function expressed in terms of absolute magnitude Φ(MUV) as φ(L)dL = Φ(MUV)dMUV, i.e., Φ(MUV) = ln 10 2.5 φ * 10
where M * UV is the characteristic magnitude. We fit this function to the observed LFs derived from the results of our observations and the previous Hubble results of Bouwens et al. (2015) and Ishigaki et al. (2017) . Varying the three parameters, we search for the best-fit set of (φ * , M * UV , α) that minimizes χ 2 . The best-fit parameters are summarized in Table 7 and the best-fit Schechter function is plotted in Figure 9 . Figure 10 summarizes the UV LF estimates at z ∼ 4 − 7 and their best-fit Schechter functions. In Figure 11 , we show the 1σ and 2σ confidence intervals for the combinations of the Schechter parameters. We find that M * UV shows little evolution while the other two parameters decrease with increasing redshift as already pointed out in the previous work (e.g., Bouwens et al. 2015; Bowler et al. 2015; Finkelstein et al. 2015) .
Note that there are on-going projects in our HSC SSP collaboration to search for high-z quasars by using selection techniques that are optimized for quasars. The exact shapes of the quasar UV LFs at z ∼ 4, z ∼ 5, and z ∼ 6 − 7 are presented in 
The Galaxy UV Luminosity Functions
In what follows, we estimate the galaxy UV LFs in as wide a magnitude range as possible by taking into account the contributions of AGNs in our LF estimates, although the associated uncertainties are not small. To subtract the AGN contributions, we take advantage of the galaxy fraction estimates based on the spectroscopy results shown in Figures 7 and 8 ; we multiply the UV LFs by the spectroscopic galaxy fraction, both of which are derived in Section 4.1. Since the number of spectroscopically confirmed sources in our z ∼ 5 and z ∼ 7 samples are not large, we apply the same galaxy fraction values for z ∼ 5 (z ∼ 7) as those for the z ∼ 4 (z ∼ 6) sample, assuming that the galaxy fraction has little evolution. Figure 12 and Table 6 show our estimates of the galaxy UV LFs from z ∼ 4 to z ∼ 7. We confirm that our results are consistent with the previous results in the UV magnitude range fainter than −23 mag, as is also the case with our results before considering the contribution of AGNs. This is because the number densities of AGNs are negligibly small compared with galaxies in this magnitude range. In the brighter magnitude range of MUV < −23 mag, we find that our LF estimates for z ∼ 4, 6, and 7 still appear to have a hump, although the uncertainties are large. To characterize the derived galaxy UV LFs, we compare the following three functions.
One form is a Schechter function (Equation 15
). We adopt the best-fit Schechter functions that are obtained for the magnitude range where the galaxy fraction is large (Section 4.1). Table 8 summarizes the adopted parameter values and the reduced χ 2 .
Another functional form is a double power-law (DPL) function (e.g., Bowler et al. 2012) ,
where the definitions of φ * , M * UV , and α are the same as those in Equation (15), and β is the bright-end power-law slope. We define a DPL function as a function of absolute magnitude
We derive the best-fit parameters of Equation (17) by a χ 2 minimization fit to the observed galaxy UV LFs obtained in this study and and the previous Hubble studies by Bouwens et al. (2015) and Ishigaki et al. (2017) . Table 8 shows the best-fit set of the parameters. The other form is a modified Schechter function that considers the effect of gravitational lens magnification by foreground sources (e.g., Wyithe et al. 2011; Takahashi et al. 2011; Mason et al. 2015; Barone-Nugent et al. 2015) . To take into account the magnification effect on the observed shape of the galaxy UV LFs, we basically follow the method presented by Wyithe et al. (2011) . A gravitationally lensed Schechter function can be estimated with the convolution between the intrinsic Schechter function and the magnification distribution of a Singular Isothermal Sphere (SIS), dP/dµ, weighted by the strong lensing optical depth τm, which is the fraction of strongly lensed random lines of sight. The overall magnification distribution can be modeled by using the probability distribution for magnification of multiply imaged sources over a fraction τm of the sky. To conserve total flux on the cosmic sphere centered on an observer, we need to consider the de-magnification of unlensed sources:
where µ mult = 4 is the mean magnification of multiply imaged sources. For a given LF φ(L), a gravitationally lensed LF φ lensed (L) can then be obtained by
where
is the magnification distribution as a function of magnification factor µ for the brighter image in a strongly lensed system given for an SIS and dPm,2 dµ
is the magnification probability distribution of the second image. We consider two cases of optical depth estimate results to cover a possible range of systematic uncertainties. One is based on the high-resolution ray-tracing simulations of Takahashi et al. (2011) . From their results of the probability distribution function of lensing magnification, the optical depth values are estimated to be τm = (0.00231, 0.00315, 0.00380, 0.00446) at z = (4, 5, 6, 7). The other is based on a calibrated FaberJackson relation (Faber & Jackson 1976 ) obtained by BaroneNugent et al. (2015) : τm = (0.0041, 0.0054, 0.0065, 0.0072) at z = (4, 5, 6, 7). Note that these optical depth estimates would correspond to upper limits, because some fraction of lensed dropouts might be too close to foreground lensing galaxies to be selected as dropouts in our samples. For the Schechter function parameters, we adopt the best-fit values obtained in Section 4.1. The adopted parameters and the reduced χ 2 values are summarized in Table 8 .
In Figure 12 , we show the best-fit functions of these three functional forms with the derived galaxy UV LF results. We find that the bright-end shapes of the observed galaxy UV LFs cannot be explained by the Schechter functions, although the excess at z ∼ 5 is not significant. The significance values of the excesses from the Schechter functions are 5.2σ, 0.4σ, 2.3σ, and 2.5σ at z ∼ 4, 5, 6, and 7, respectively. Because the AGN UV LFs are constrained relatively well at z ∼ 4, we check whether the bright-end shape of the galaxy UV LF has an excess if we use the best-fit AGN UV LF for subtraction of the AGN contribution. We confirm that similar results are obtained if we use the best-fit AGN UV LFs taken from Akiyama et al. (2017) and Glikman et al. (2011) . In Figure 12 , it seems that the DPL and the lensed Schechter functional forms provide better fits to the observed galaxy UV LFs than the original Schechter functional form. If this is the case, the results would suggest that brightend galaxies are significantly affected by gravitational lensing, a high fraction of apparently bright galaxies are blended merging galaxies, and/or negative feedback for star formation in massive galaxies might be inefficient. Note that the observed galaxy UV LF data points at z ∼ 4 are better described with the DPL and the significance of the hump feature at MUV < −22.5 mag from the lensed Schechter function is about 4.7σ. At higher redshifts, the significance values of the excess from the lensed Schechter function are < 1σ at z ∼ 5 − 6 and about 1.6σ at z ∼ 7. The bright-end LFs at z ∼ 5−7 could be explained solely by the gravitational lensing effect, unless a significant number of lensed dropouts are missed due to their foreground galaxies that are too close to them on the sky. To investigate whether our bright-end dropout galaxies are strongly affected by gravitational lensing, we will check their environments and identify foreground sources around them which can act as lenses (e.g., Barone-Nugent et al. 2015) in future analyses. To examine the possibility that a fraction of our bright-end galaxies are blended merging galaxies, higher resolution imaging data taken with Hubble are needed (e.g., Bowler et al. 2017 ). The Hubble data will also be useful for determining the quasar contamination rate, because quasars should show up as point sources with Hubble.
It should be noted, however, that there remain not only statistical uncertainties but also systematic ones in our LF estimates particularly at the bright end. For example, in our selection completeness estimates for bright-end sources, we have extrapolated the UV slope β distribution in the literature and have not taken into account the effect of Lyα emission because of lack of appropriate references. However, our effective volume estimates would not be correct if the real β or Lyα equivalent width (EW) distribution is significantly different from the used ones, as may already be implied in Figure 6 . To check these possibilities directly, we will derive the β distribution of z ∼ 4 − 5 bright dropout galaxies by using our multi-band HSC data and will derive the Lyα EW distributions based on spectroscopy results. Here we investigate the robustness of our results against possible uncertainties in the selection completeness estimates by simply assuming that the uncertainty is 15%. Tables 7 and 8 . However, even in this case, the bright-end excess feature is confirmed. The significance value of the excess from the best-fit Schechter function is 3.8σ, and that from the lensed Schechter function is 3.4σ. There are also other possible sources of systematic uncertainties. The galaxy fraction estimates based on the spectroscopy results still have large uncertainties, particularly for z ∼ 5 − 7, because the number of sources with spectroscopic redshifts is limited. In addition, although we carefully construct our dropout samples by checking their detections in the multi-band stacked images for the z ∼ 4 − 6 samples and in the single epoch observation images for the z ∼ 7 sample, they may still include some transient objects such as supernovae. This is because, if transient objects are bright in our observations with long wavelength bands but faint in the observations with short ones, they can mimic Lyα break features. Improved constraints on the form of the bright end based on follow-up spectroscopic observations and wider area imaging from the ongoing HSC SSP will reduce the remaining uncertainties on the UV LF estimates in the near future.
Summary
In this paper, we have identified 579,565 dropout candidates at z ∼ 4 − 7 by the standard color selection technique from the 100 deg 2 deep optical imaging data of the HSC SSP survey.
Among these dropout candidates, 358 dropouts have spectroscopic redshifts obtained by our follow-up observations and in the literature. Combining our bright-end UV LF estimates with those from the complementary ultra-deep Hubble legacy surveys, we have derived the UV LFs of dropouts from z ∼ 7 to z ∼ 4 in a very wide UV magnitude range of −26 < MUV < −14 mag, which corresponds to the luminosity range of ∼ 0.002 -100 L * UV . We have derived the best-fit Schechter parameters of M * UV , α, and φ * , by fitting Schechter functions to the UV LFs in the magnitude range of MUV > −23 mag, where the contribution of high-z galaxies is dominant according to the spectroscopic results. We have found that there is little evolution in UV , φ * , and α. The blue, green, magenta, and red solid contours correspond to our results for the galaxy UV LFs at z ∼ 4, z ∼ 5, z ∼ 6, and z ∼ 7, respectively. The dotted contours correspond to the results of Bouwens et al. (2015) . The hexagons show the results of Finkelstein et al. (2015) and the triangles are those of Bowler et al. (2015) and Bowler et al. (2017) .
M * UV and the other Schechter function parameters, α and φ * , decrease with increasing redshift, as the previous work has already pointed out. Since our HSC SSP data bridge the LFs of galaxies and AGNs with great statistical accuracies, we have carefully subtracted the contribution of high-z AGNs to investigate the bright end of the galaxy UV LFs by making use of the galaxy fraction as a function of UV magnitude that is derived from the spectroscopic results. To characterize the shapes of the derived galaxy UV LFs, we have compared the three functional forms: a Schechter function, a DPL function, and a modified Schechter function that takes into account the effect of gravitational lens magnification by foreground sources. We have found that the Schechter function cannot explain the shapes of the bright-end galaxy UV LFs at > 2σ significance. Instead, the galaxy UV LFs are better described with either the DPL or the lensed Schechter function. If this is true, the results would indicate that bright-end galaxies are significantly affected by gravitational lensing magnification, a significant number of brightend galaxies are merger systems that are apparently blended at ground-based resolution, and/or AGN feedback for star formation suppression at high redshift is inefficient. Fig. 12 . Rest-frame UV luminosity functions of galaxies that take into account quasar contamination correction at z ∼ 4, z ∼ 5, z ∼ 6, and z ∼ 7 from top to bottom. The green shaded region corresponds to the best-fit Schechter functions that take into account the effect of gravitational lensing with the two cases of the optical depth estimates ( 
Appendix 1 The UV Luminosity Function Results for Different Layers
In this appendix, we present the UV LF determination results for the W, D, and UD layers separately. The obtained UV LFs of z ∼ 4 − 7 dropouts for each of the three layers is shown in Figure 13 . We confirm that our LF results for the different layers are consistent with each other mostly within a factor of 1.5. Although our z ∼ 4 LF results between these layers show larger differences in the bright magnitude range from MUV = −24 mag to −23 mag, the significances of the differences are still < ∼ 2σ due to the large uncertainties. 
